For TMZ arm, the 6-m-PFS rate was 39 % (23/59); for the CPT arm, the 6-m-PFS rate was 38.6 % (22/57). Objective responses: TMZ arm had 2 (3 %) CR, 9 (16 %) PR; CPT arm had 2 (4 %) CR, 13 (24 %) PR. Overall there was moderate toxicity: TMZ arm with 33 (55 %) grade 3, 11 (18 %) grade 4, and 1 (2 %) grade 5 (fatal) toxicities; CPT arm had 22 (39 %) grade 3, 7 (12 %) grade 4, and 3 (5 %) grade 5 toxicities. The 6-m-PFS surpassed the predetermined efficacy threshold for both arms, corroborating the efficacy of bevacizumab and CPT and confirming activity for bevacizumab and protracted TMZ for recurrent/progressive GBM, even after prior temozolomide exposure. Toxicities were within anticipated frequencies with a moderately high rate of venous thrombosis, moderate hypertension and one intracranial hemorrhage.
Introduction
The prognosis for patients with recurrent malignant glioma is poor. Patients with recurrent glioblastoma (GBM) have a median survival of 4 months, despite the administration of a variety of chemotherapy regimens including small molecule signal transduction modulators [1] . In addition to the inherent treatment resistance often present in recurrent malignant gliomas, most available treatments have been limited by problems with delivery to the tumor because of widespread tumor infiltration into surrounding brain parenchyma, further accentuated by the inability to effectively cross the blood-brain barrier [2] . Therefore, there has been great interest in targeting the angiogenesis that is a prominent feature of malignant gliomas, particularly GBM [3] .
Abstract Angiogenesis, a hallmark of glioblastoma, can potentially be targeted by inhibiting the VEGF pathway using bevacizumab, a humanized monoclonal antibody against VEGF-A. This study was designed to determine the efficacy and safety of these regimens in the cooperative group setting. Eligibility included age ≥18, recurrent or progressive GBM after standard chemoradiation. Treatment was intravenous bevacizumab 10 mg/kg and either irinotecan (CPT) 125 mg/m 2 every 2 weeks or temozolomide (TMZ) 75-100 mg/m 2 day 1-21 of 28 day cycle. Accrual goal was 57 eligible patients per arm. Primary endpoint was 6 month progression-free survival (6-m PFS); a predetermined rate of ≥35 % to declare efficacy. 60 eligible patients were enrolled on TMZ arm and 57 patients on CPT arm. Median age was 56, median K PS was 80.
evaluating the role of bevacizumab as a component of frontline therapy were reported [15, 16] . Both studies showed a prolongation of progression free survival, but overall survival was not improved.
Materials and methods
Eligible patients had recurrent or progressive GBM or gliosarcoma. All patients were required to provide written informed consent. There were no limits placed on the number of prior treatment regimens, although patients with prior treatment with interstitial brachytherapy, stereotactic radiosurgery or Gliadel ® wafers (polifeprosan 20 with carmustine implant) were required to have histologic evidence of recurrent tumor. Measurable tumor was not required if the patient underwent a repeat tumor resection prior to enrollment. Patients must have had completed radiation treatment more than 42 days prior to enrollment. Other important inclusion criteria included age ≥18 years, Karnofsky performance status ≥70, systolic blood pressure ≤160 mg Hg or diastolic pressure ≤90 mg Hg, adequate hematologic function [white blood cell count (WBC) ≥3000/µL, absolute neutrophil count (ANC) ≥1500/µL, platelet count ≥100,000 cells/µL, and hemoglobin ≥10 gm/µL] renal and hepatic function. Patients must have been on a stable or decreasing dose of corticosteroids for the 5 days prior to study enrollment. Systemic anticoagulation with either warfarin or low molecular weight heparin was permitted.
Exclusion criteria included ongoing treatment with a hepatic enzyme-inducing anticonvulsant; an acute intratumoral hemorrhage on MR imaging; an active comorbid condition including recent (<6 months) myocardial infarction, unstable angina, uncontrolled hypertension or history of recent (<6 months) stroke or transient ischemic attack; major surgical procedure or history of abdominal abscess or fistula or gastrointestinal perforation within 28 days of study enrollment.
Study design
As outlined in Fig. 1 , patients were randomized to receive bevacizumab with irinotecan or temozolomide. The initial randomization was 2 to 1 to the irinotecan and temozolomide arms, respectively. This design allowed a 2 stage evaluation of the safety of the bevacizumab plus temozolomide arm, as the safety of this combination had not been previously evaluated. All patients received bevacizumab at a dose of 10 mg/kg every 2 weeks. Patients randomized to receive irinotecan received this agent at 125 mg/m 2 every 2 weeks along with bevacizumab. Patients randomized to receive temozolomide were treated with a dose-dense schedule starting at 75 mg/m 2 on days 1-21 of a 28-day cycle. Patients
Prior studies suggest that targeting the endothelial cells involved in tumor angiogenesis is not hampered by the development of resistance and that an early effect of antiangiogenic treatment may be vascular normalization that improves regional blood flow and reduces edema and interstitial pressure potentially leading to better drug delivery [4, 5] . Additionally, studies suggest that prolonged exposure to lower doses of certain cytotoxic chemotherapy agents can provide an anti-angiogenesis effect, presumably by decreasing endothelial cell viability [6] and further, there may be a selective effect on the stem cell niche [7, 8] . Several clinical trials have been published describing the use of bevacizumab in patients with recurrent malignant glioma. These trials describe the efficacy and toxicities of treatment both with bevacizumab as single agent or in combination with irinotecan, a combination with established efficacy in colon cancer [9, 10] . Despite concerns regarding the potential for intratumoral hemorrhage, the prior reports compiled in a recent review, suggest that this complication is infrequent in gliomas [11] . The trials in recurrent glioma report a high objective response rate, as well as prolonged tumor control as determined by the 6-month progression free survival rate. On the basis of these results, bevacizumab as single agent treatment was given accelerated approval for recurrent GBM [12] .
Although single agent bevacizumab is approved for recurrent GBM, the combination of anti-angiogenic therapies with cytotoxic chemotherapy agents remains a commonly used strategy for many cancers including colon cancer, where bevacizumab as a single agent did not show efficacy [13] . For malignant gliomas, the optimal bevacizumab treatment, either as a single agent or in a combination regimen, has not been established. A prior randomized phase II study evaluating bevacizumab alone and bevacizumab plus irinotecan was not designed to compare the two treatment regimens, but remains the largest multicenter effort in recurrent GBM to date, with a total of 167 patients accrued [10] . The 6-month progression free survival rate in this study was 42.6 % in the single agent bevacizumab arm and 50.3 % with the bevacizumab and irinotecan combination. Objective response rates and median survival from study entry were 28.2 % and 9.2 months for bevacizumab alone and 37.8 % and 8.7 months for the combination. A high percentage of patients in both treatment arms developed grade 3 or higher toxicities with hypertension prominent in both arms, and fatigue and venous thromboembolic events more prevalent with the combination regimen.
The early efficacy data of bevacizumab with irinotecan, further supported by subsequent studies have generated interest in exploring the potential efficacy in combination with other cytotoxic agents. The spectrum of combination regimens with bevacizumab has recently been reviewed by Reardon et al. [14] . Recently, the results of two clinical trials
Statistical considerations
Patients were stratified according to age (<50 years vs. ≥50 years) and K arnofsky performance status (70-80 vs. 90-100) then randomized in a 2:1 ratio between the bevacizumab and irinotecan arm and the bevacizumab and temozolomide arm according to the permuted block design as described by Zelen [18] . The primary endpoint for the bevacizumab plus irinotecan arm was the 6-month progression-free survival rate (6-m PFS) which is measured as a proportion. The primary endpoint for the bevacizumab plus dose-dense temozolomide arm was safety and treatmentrelated toxicity. Secondary endpoints for the bevacizumab plus irinotecan arm included objective response rate, overall survival from study entry and assessment of treatment related toxicities. For the bevacizumab plus temozolomide arm, secondary endpoints included determination of the 6-m PFS, overall survival and objective response rates.
Sample size for efficacy for both arms was based on historical data reporting that 6-m PFS for 225 patients with GBM enrolled on eight phase II studies for recurrent disease had an overall 6-m PFS of 15 % with the 95 % confidence interval (CI) of 10-19 %. P 0 was, therefore, set to 20 % and p 1 to 35 %, looking for a 15 % improvement. The type I error rate was set at 10 % and power was 90 %. Based on the above design parameters, accrual was set at 60 patients (assuming a 5 % ineligible rate) to have the required 57 analyzable patients.
For determination of treatment tolerance of the bevacizumab and temozolomide arm, it was assumed there will be 15 % discontinuation rate (a reduction from historical data of 35 %). The type I error was set as 10 % and the power was 90 %. The two-stage design by Fleming is used to calculate the required sample size in each stage and corresponding rules for judging efficacy and toxicity [19] . Twenty-nine analyzable patients are required for the first stage. If less than 7 patients experience drug discontinuation due to complication and 7-10 patients experience 6-m PFS among the first 29 patients, a total of 57 analyzable patients will be accrued for this arm.
Results
The study opened to accrual on March 1, 2007 with a target accrual of 121 patients. A total of 123 patients were enrolled with 63 randomized to bevacizumab plus irinotecan and 60 who did not develop grade 2 or higher myelotoxicity had the temozolomide dose increased to 100 mg/m 2 for subsequent cycles. A cycle was defined by 4 weeks of treatment and patients were permitted to continue treatment for up to 24 cycles as long as the treatment was tolerated and there was no evidence of tumor progression. In case of toxicity, there were no dose modifications allowed for bevacizumab. If adverse events that required holding treatment with bevacizumab did not resolve within 8 weeks, bevacizumab treatment was discontinued. Specific toxicities such as intestinal perforation, central nervous system or pulmonary hemorrhage, congestive heart failure, myocardial ischemia, stroke or uncontrollable hypertension mandated permanent cessation of bevacizumab treatment. For irinotecan, grade 3 or 4 toxicities required holding treatment until these resolved to grade 1 or less. The dose was then reduced to 100 mg/m 2 . If grade 3 or 4 toxicities were noted at the lower dose, then a final dose reduction to 75 mg/m 2 was permitted. Subsequent grade 3 or 4 toxicities mandated cessation of treatment. For temozolomide, grade 3 or 4 toxicities resulted in a dose reduction to 50 mg/m 2 if the patient did not have the initial cycle 2 dose escalation or a dose reduction to 75 mg/m 2 if the dose had previously been increased to 100 mg/m 2 . An additional dose reduction to 35 mg/m 2 was possible, but toxicity at this lowest dose level mandated treatment cessation. For both irinotecan and temozolomide, if treatment delays exceeded 4 weeks, the treatment was stopped.
Assessments
Patients underwent a complete history and physical examination, baseline MR imaging, electrocardiogram and routine serum chemistries and hematologic studies within 14 days of initiating treatment. Subsequently, serum chemistries and complete blood counts were evaluated before each infusion of bevacizumab along with blood pressure measurements. Physical examination and urinary protein to creatinine (UPC) ratio was performed prior to each cycle of therapy. Repeat MR imaging was performed before initiation of odd numbered cycles. Objective responses included both partial and complete responses based on MR imaging and were determined using the MacDonald criteria [17] . Partial responses and stable disease also required a confirmatory MR imaging at least 1 month later. All patients were followed until voluntary withdrawal of consent, loss to follow-up or death. response + partial response) was 19.0 % in the bevacizumab and temozolomide arm and 27.8 % in the bevacizumab and irinotecan arm.
Safety and toxicity
Overall, treatment was well tolerated. The adverse events are listed in Table 2 and are in accord with previous reports of bevacizumab treatment in this patient population. Toxicities likely related to temozolomide, such as myelotoxicity and irinotecan such as diarrhea, constipation and fatigue are consistent with the anticipated incidence and severity. There was one treatment-related grade 5 adverse event on the bevacizumab-temozolomide are: multi-organ failure. On the bevacizumab-irinotecan arm, there were three treatmentrelated grade 5 adverse events: death (that was otherwise not specified), hemorrhagic stroke, and infection.
Treatment discontinuation secondary to treatmentrelated toxicity was the primary endpoint of the first stage of the bevacizumab-temozolomide combination. From the initial 29 patients enrolled on this treatment arm, 5 patients required treatment cessation because of toxicity and 11 patients experienced 6-m PFS. Since less than 7 patients experienced treatment cessation and more than 7 experienced 6-m PFS as preset by the statistical plan, the second cohort of 31 patients was accrued to the study.
to bevacizumab plus temozolomide (see Fig. 2 CONSORT diagram).
Patient baseline characteristics are provided in Table 1 . Six patients (three patients in each arm) were either deemed ineligible (no central pathology review, n = 3; received an EIAED, n = 1) or never received treatment (n = 2). Adverse events were assessed using Common Terminology Criteria for Adverse Events (CTCAE) version 3.0.
Treatment efficacy
The primary efficacy endpoint was the 6-m PFS rate. Fifty-nine eligible patients (one patient withdrew prior to 6 months) in the bevacizumab and temozolomide arm and all 57 eligible in the bevacizumab and irinotecan arm were evaluable for this endpoint. The 6-m PFS was 39 % (23/59) for bevacizumab and temozolomide arm and 38.6 % (22/57) in the bevacizumab and irinotecan arm. Median PFS and overall survival (OS) were 4.7 (95 % CI 3.5, 6.3) and 9.4 months (95 % CI 6.7, 10.7) for the temozolomide containing arm. Median PFS and OS were 4.1 (95 % CI 3.4, 6.1) and 7.7 (95 % CI 6.7, 9.1) months for the irinotecan containing arm (Fig. 3) .
Radiographic response was based on investigator assessment. Overall, five patients did not have measurable disease at study entry. The objective response rate (complete and 6-m PFS data in a cooperative group setting, thereby providing important confirmation and support that the reported results were not from a patient selection bias that can occur at a tertiary care center. The other major goal of this clinical trial was to test the safety of combining bevacizumab with temozolomide which was confirmed as the treatment-related adverse event rate was lower than the preset threshold.
As described in the "Results" section, the study achieved all of its pre-specified endpoints. The 6-m PFS for both the irinotecan and temozolomide containing arms exceeded the predetermined threshold of 35 %. Furthermore, the toxicity profiles of both regimens were deemed to be within acceptable threshold. These results both confirmed the efficacy of bevacizumab combination regimens in recurrent GBM and provided the important safety data to permit the development and implementation of the randomized study in newly diagnosed GBM that was recently published [15] .
Interestingly, there was a recent study that suggests that the administration of bevacizumab as a single agent may
Discussion
One of the goals of this study was to confirm the efficacy that had been reported from clinical trials performed in single institutions, suggesting that the combination of bevacizumab and irinotecan had significant activity in patients with recurrent GBM. This study, launched before RANO criteria were established, was designed to confirm activity of this combination and utilized the established Macdonald criteria [17, 20] . The early literature, most notably a report from Vredenburgh et al. described objective response rates of 60 % and a 6-m PFS rate of 38 % in patients using this treatment combination [21] . Although not a randomized trial, these results compare very favorably with historical data which demonstrate a 5 % objective response rate and 21 % 6-m PFS rate for temozolomide as a single agent treatment for recurrent GBM [22] . NRG Oncology RTOG 0625 was able to confirm the bevacizumab-irinotecan response Despite these results, bevacizumab continues to be used as a salvage agent either alone or in combination regimens. Although the RTOG 0625 study described in this paper was not designed to determine comparative efficacy of the two combination regimens compared with single agent treatments, it does provide important safety data for treatment regimens combining bevacizumab with either dose-dense temozolomide or conventional dose irinotecan in patients with recurrent glioblastoma. not be as effective as a combination regimen in recurrent GBM. In contrast to the two trials that led to accelerated approval of single agent bevacizumab where 6-m PFS rates of 29 and 43 % were reported, the recently reported Dutch BELOB study demonstrated only an 18 % 6-m PFS rate for single-agent bevacizumab [23] . This study was performed at a large number of sites in the Netherlands, with the majority of the accrual at non-academic centers. The 6-m PFS was 41 % in the treatment group where bevacizumab was combined with lomustine. However, a subsequent randomized phase III trial comparing lomustine alone with the combination of lomustine and bevacizumab refutes these results [24] . EORTC 26101 treated 149 patients with lomustine alone and 288 patients with the lomustine and bevacizumab combination. Although progression free survival assessed by imaging was prolonged with the combination (4.2 months vs. 1.5 months), overall survival showed no difference between the two arms (9.1 months vs. 8.6 months). Importantly, there was no difference in time to neurologic progression. 
